In temperate regions, an organism's ability to rapidly adapt to seasonally varying 18 environments is essential for its survival. In response to seasonal changes in selection pressure 19 caused by variation in temperature, humidity, and food availability, some organisms exhibit 20 plastic changes in phenotype. In other cases, seasonal variation in selection pressure can rapidly 21 increase the frequency of genotypes that offer survival or reproductive advantages under the 22 current conditions. Little is known about the relative influences of plastic and genetic changes in 23 short lived organisms experiencing seasonal environmental fluctuations. Cold hardening is a 24 seasonally relevant plastic response in which exposure to cool, but nonlethal, temperatures 25 significantly increases the organism's ability to later survive at freezing temperatures. In the 26 present study, we demonstrate seasonal variation in cold hardening in Drosophila melanogaster 27 and test the extent to which plasticity and adaptive tracking underlie that seasonal variation. We 28 measured the cold hardening response of flies from outdoor mesocosms over the summer, fall, 29 and winter. We bred outdoor mesocosm-caught flies for two generations in the lab and matched 30 each outdoor cohort to an indoor control cohort of similar genetic background. We measured the 31 cold hardening response of indoor and field-caught flies and their laboratory-reared F1 and F2 32 progeny to determine the roles of seasonal environmental plasticity, parental effects, and genetic 33 2 changes on cold hardening. We also tested the relationship between cold hardening and other 34 factors, including age, developmental density, food substrate, presence of antimicrobials, and 35 supplementation with live yeast. We found strong plastic responses to a variety of field-and lab-36 based environmental effects, but no evidence of seasonally varying parental or genetic effects on 37 cold hardening. We therefore conclude that seasonal variation in the cold hardening response 38 results from environmental influences and not genetic changes. 39 40 41 All organisms residing in temperate climates must cope with seasonal fluctuations in their 42 environment. Many species exhibit phenotypic plasticity, which grants them the flexibility to 43 thrive during the growing season and survive unfavorable times. For example, aspects of cold 44 tolerance are known to vary as a function of seasonal exposure and provide a mechanism for 45 some species to successfully overwinter (Esterbauer and Grill 1978; Anderson et al 1992; 46 Shearer et al 2016). While phenotypic variation can arise as a result of environmentally triggered 47 plasticity, genetic variation in seasonally advantageous traits also exists (Dobzhansky and Ayala 48 1973; reviewed in Tauber and Tauber 1981 and Williams et al 2017). Therefore, genotypes that 49 underlie variation in seasonally relevant phenotypes may change in frequency across seasonal 50 timescales for short-lived organisms (King 1972; Grosberg 1988; Hazel 2002; Schmidt and 51 Conde 2006; Behrman et al 2015). In the present study, we examine the relative importance of 52 plasticity and rapid, seasonal adaptation in the cold tolerance of Drosophila melanogaster. 53 D. melanogaster is an ideal system for contrasting the importance of phenotypic 54 plasticity and rapid adaptation as mechanisms for survival under seasonally fluctuating 55 conditions. Notably, D. melanogaster has a short generation time, producing 10-15 generations 56 per growing season (Pool 2015), and experiences dramatic changes in selection pressures across 57 seasons that elicit rapid adaptation in life history traits (Behrman et al 2015). Populations of flies 58 living in orchards evolve over the period of months (Bergland et al 2014) as they track changing 59 fitness optima influenced by seasonal fluctuations in selection pressure (Machado et al 2018).
Introduction
. A saltwater bath provides a stable thermal environment during the freeze assay. 139 Temperature data recorded during a representative freeze assay. Temperature probes exposed to 140 air inside the freezer recorded temperature fluctuations ranging from approximately -3.3 °C to -141 5.7 °C over the course of the freeze assay. Temperature probes submerged in a saltwater bath 142 inside the freezer recorded temperature fluctuations ranging from approximately -5.1 °C to -5.4 143 °C. 144 Following precooling, we noted the number of flies that had died during the precooling 145 process prior to conducting the freeze assay. We transferred each vial of flies to a 5 mL snap-cap 146 Falcon tube and suspended the tubes in the salt solution held at approximately -5 °C within a 147 chest freezer. We used weighted blocks to keep the tubes submerged in liquid up to the rim of 148 the cap. In order to minimize temperature fluctuations in the water bath, we added tubes into the 149 bath in small groups for each time point and removed all the tubes at the end of the assay. At the 150 conclusion of the freeze, we transferred flies into their original vials containing food and held the 151 food vials upside down so that unconscious flies would not become stuck in the food. The next 152 day, we recorded the number of survivors or the number dead within each vial (whichever 153 number was smaller). Flies that exhibited the ability to stand stably and walk were considered to 154 be alive, while flies that were immobile, or flies that exhibited spastic motions such as twitching 155 but were not stable in their movements and stance, were considered dead following similar 156 definitions of Czajka and Lee (1990) and Gerken et al (2015) . and continued to supplement these bottles with yeast throughout the development of the flies. 201 We collected adult males from each treatment and placed them in vials with standard fly food 202 and no live yeast. We precooled them for two weeks and subjected them to the freeze assay.
203
Age assay. We collected embryos from the indoor hybrid swarm cages at two-week 204 intervals for six weeks and reared them to adulthood. We passaged the adult flies to fresh food 205 weekly to prevent eclosion of new adults. We collected adult males once the youngest of the 206 cohorts had eclosed, and we then precooled, froze, and measured survival of flies from all three 207 age cohorts in a single assay.
208
Density assay. We based our density assay on a previous study (Henry et al 2018) . We 209 used four density levels: approximately 5 embryos/mL, 40 embryos/mL, 120 embryos/mL, and 210 300 embryos/mL of fly food. We collected embryos from the indoor cages on cornmeal-molasses 211 fly food plates and counted embryos into vials containing 2 mL of cornmeal-molasses fly food.
212
As higher density vials took longer to develop, we waited to collect adults until every vial had 213 sufficiently eclosed. As a result, the flies in higher density vials were several days younger than 214 the flies in lower density vials at the time of precooling. We collected adult males and subjected 215 them to the precooling and freeze assay.
216
Analysis. We analyzed our results using R (version 3.4.2; R Core Team 2017). We used 217 packages data. 
Results

225
Effects of seasonal exposure on cold hardening. 226 To test the hypothesis that seasonal conditions influence cold hardening, we collected 227 monthly samples of outbred flies reared in fruit-fed outdoor mesocosms and cornmeal-molasses-228 fed laboratory cages and assessed their cold tolerance following two weeks of precooling in the 229 lab. We used the resulting survival curves to calculate the time required to kill 50% of the flies 230 (hereafter, "LT50"). From June until early November, the LT50 of fruit-fed, outdoor F0 flies was 231 significantly lower than the LT50 of indoor F0 flies (Figure 2A ; Table 2 ). However, in late 232 November, the outdoor F0 flies had an LT50 greater than that of the indoor F0 flies (Figure 2A; 233 Table 2 ). We collected outdoor flies on December 10 th , 2018, but the sample size was 234 insufficient to generate a survival curve. However, the limited data matched the trend from the Cold-hardened freeze tolerance for flies collected from indoor and outdoor cages and their 240 offspring. We calculated the LT50, or the time during the freeze assay at which 50% of flies 241 perished, using a general linear model. A) The F0 generation was collected directly from the 242 indoor or outdoor cages. In the F0 generation, we observed significantly lower LT50s for 243 outdoor flies relative to indoor flies during the summer and fall seasons ( Table 2) . However, in 244 the late November collection, we observed an increased LT50 for outdoor flies compared to 245 indoor flies (P = 5.31 x 10 -7 ). B&C) The F1 and F2 generations were reared in laboratory 246 conditions. We generally did not observe differences between LT50 values for outdoor and 247 indoor flies in the F1 and F2 generations, regardless of collection time ( Table 2) . Error bars 248 represent standard error of the LT50. Standard error for F0 indoor data from November 7 th , 2018 249 is set to zero for clarity (SE = 2927.8 due to incomplete survival curve).
In the field experiment, we observed that the effects of the environment prior to 251 precooling persisted through the two-week precooling period. In order to test whether the 252 thermal environment experienced by the flies before precooling influenced their cold hardening, 253 we tested for a relationship between the average temperature on the day of collection and the 254 difference in the cold hardening response of outdoor and indoor F0 flies. We observed a 255 significant negative correlation between the average temperature on the day of collection and the 256 difference in LT50 (Figure 3 ; linear model; R 2 = 0.90, P = 0.0024). Therefore, as temperatures 257 became colder, the cold hardened freeze tolerance increased linearly for the outdoor F0 flies 258 relative to the indoor flies. The regression is also significant when the coldest collection is 259 excluded (R 2 = 0.81, P = 0.02), suggesting that prior exposure affects the cold hardening 260 response even at moderate to warm temperatures. To test for transgenerational effects of seasonal exposure on the cold hardening response, 268 we compared the lab-reared F1 offspring of flies collected indoors to the lab-reared F1 offspring 269 of flies collected outdoors in a common garden assay. We observed that the cold hardening 270 response was generally consistent between the lab-reared offspring of flies collected from indoor 271 and outdoor cages ( Figure 2B , Table 2 ). The similarity between indoor and outdoor F1 flies 272 suggests that the differences in the cold hardening responses in the F0 flies were not passed on to 273 their offspring. We note that although indoor and outdoor LT50s were significantly different for the 6/26/18 collection ( Table 2) , we did not observe a consistent difference or pattern in indoor 275 versus outdoor F1 cold hardening responses. 276 We tested for genetic changes in the cold hardening response by examining the lab-reared 277 F2 offspring of flies from indoor and outdoor cages. As in the F1s, we also observed little 278 difference in the cold hardening response between outdoor and indoor flies ( Figure 2C ; Table   279 2). We note that the difference in LT50 was significant for the 9/18/18 collection, but again we 280 did not observe a consistent difference or pattern between the indoor and outdoor F2 cold 288 Surprisingly, we observed that F2 flies were more freeze tolerant following cold 289 hardening than their F1 parents for some collections (Figure 2B -C, compare July F1s and F2s).
290
Differences in rearing conditions between the generations may have contributed to the 291 differences in cold hardening: F1 flies were reared in vials, whereas F2 flies were reared in 292 bottles. We investigated whether container type was a potential cause by rearing the 9/18/18 set 293 of F1 flies in both bottles and vials. We did not observe significant differences in the cold 294 hardening response resulting from differences in container type ( Table 3 ; P = 0.191), though 295 vial-reared flies had a slight increase in the cold hardening response compared to bottle-reared 296 flies. We suggest that differences in freeze tolerance between the F1 and F2 generations may Plastic effects of nutrition on cold hardening. 300 In addition to experiencing different thermal environments, the indoor and outdoor flies 301 described above consumed different foods prior to cold hardening, which led to the hypothesis 302 that differences in nutritional intake might also affect cold hardening in the seasonal 303 experiments. In October, we collected F0 flies from both the cornmeal-molasses-fed outdoor We tested several variables that could explain the differences in cold hardening in F0 326 flies reared on different foods under similar thermal conditions. First, we compared the cold Table 3 ; P = 1.78 x 10 -9 ). We also tested whether adding antimicrobials influenced cold 331 hardening, since the cornmeal-molasses food contained Tegosept and propionic acid while the 332 rotting fruit did not. We did not observe an effect of antimicrobial presence on cold hardening ( Figure 5A , Table 3 ; P = 0.95). Therefore, we suggest the cornmeal-molasses diet improved the 334 indoor F0 cold hardening response relative to outdoor flies during summer months (Figure 2A ) 335 and also improved the cold hardening response of outdoor flies fed cornmeal-molasses food 336 (Figure 4) . We also hypothesized that yeast availability could contribute to differences in cold 356 hardening ability. Specifically, the cornmeal-molasses fly food contained yeast as an ingredient, 357 while the cages with apples and bananas relied on yeast growth following an inoculation plus 358 any naturally occurring yeasts. We observed a slight decrease in cold hardening ability for flies 359 supplemented with extra yeast (Figure 5B ; Table 3 ; P = 0.017). Though we cannot directly 360 quantify yeast availability in the outdoor cages, seasonal variation in yeast growth may have had 361 a minor influence on cold hardening in the flies in the fruit-fed outdoor cages.
362
Plastic effects of life history on cold hardening. 363 The indoor flies were maintained on a two-week generation cycle, while the outdoor flies 364 were able to breed in overlapping generations, likely resulting in a more complex age structure in 365 the outdoor cages. To determine whether age differences could explain the indoor-outdoor 366 differences, we tested the cold hardening response of lab-reared flies of various ages. We Table 3 ; P = 1.52 x 10 -8 ). Although differences in age structure could potentially explain the 369 lower cold hardening exhibited by fruit-fed outdoor F0 flies as compared to indoor F0 flies, we 370 expect that age structure between the fruit-fed and cornmeal-molasses-fed outdoor cages (shown 371 in Figure 4 ) should be similar. If age structure alone was causing the outdoor F0 flies to have a 372 lower cold hardening response in the summer and fall, we would expect the cornmeal-molasses-373 fed outdoor cages to also have decreased cold hardening, which was not the case.
374
Density is a final possibly causal factor in the indoor-outdoor cold hardening differences, 375 since different food substrates and different age structures could lead to different larval densities. 376 We reared larvae at varying densities and observed an increase in cold hardening ability at 377 relatively high densities only ( Figure 5D ; Table 3 ; P = 0.0063). We suggest that differences in meaning that some genotypes are more favorable in a given season, and therefore, individuals 386 having those genotypes will be more abundant during that season. In our study, we asked 387 whether the cold hardening response in D. melanogaster varies seasonally and whether such 388 variation is a product of plasticity or adaptive tracking. We found that the cold hardening 389 response increases as outdoor temperature decreases at the onset of winter. We also determined 390 that, while cold hardening is highly plastic, the trait does not undergo seasonal evolution.
391
Therefore, we conclude that seasonal fluctuations in the cold hardening response are governed by 392 environmental and developmental variables rather than adaptive tracking.
393
The cold hardening response varies seasonally. 394 Previous studies have demonstrated that cold hardening occurs under natural conditions 395 in D. melanogaster using field studies (Kelty 2007; Overgaard and Sorensen 2008) . These 396 studies placed flies outdoors and then measured their cold tolerance following the natural cold 397 hardening treatment. In our work, we further exposed flies to a consistent precooling treatment 398 after they were exposed to field conditions. This experimental design allowed us to elucidate the 399 effects of field exposure that persisted through a consistent, controlled cold hardening regime. 400 We found that the onset of winter conditions correlated with an increased cold hardening 401 response for outdoor flies (Figures 2A, 3) . Previous data have shown that the cold tolerance of 402 flies kept outdoors for several hours or days correlates negatively with outdoor temperatures 403 (Overgaard and Sorensen 2008). We have demonstrated that the effect of field conditioning 404 either persists through two weeks of precooling or modulates the ability to cold harden in 405 laboratory conditions. 406 We cannot be certain of the exact influence of field exposure on our results because 407 limited population sizes prevented us from testing the basal cold tolerance of each seasonal 408 collection in addition to the cold hardened cold tolerance. On one hand, winter conditions prior 409 to the laboratory precooling treatment could simply serve to extend the precooling period, 410 producing a stronger cold hardening response. On the other hand, winter conditions may induce a 411 plastic change in the ability to cold harden, thereby enhancing the cold hardening that occurred 412 during the laboratory precooling treatment. We suggest that the former is the more plausible 413 explanation given knowledge from previous studies. Longer precooling periods result in a 414 greater increase in cold tolerance (Cjazka and Lee 1990) and repeated exposure to cold has an 415 additive effect on cold tolerance (Kelty and Lee 2001). Therefore, we suggest that flies sampled 416 during cold periods experienced extra cold hardening prior to being brought into the laboratory, 417 and thus their cold tolerance was enhanced.
418
The cold hardening response does not evolve over seasons.
populations of D. melanogaster carried limited heritable variation in cold hardening. However, 422 two studies have demonstrated heritable variation in this trait in flies from North Carolina, a 423 population that was included in our hybrid swarms (Gerken et al 2015, 2018) . Thus, we suggest 424 that the absence of adaptive tracking in cold hardening is not due to a lack of genetic variation 425 for this trait within the experimental population.
426
A second possibility is that the cold hardening response is not subject to local adaptation hardening. If the fruit-fed cages had high levels of yeast growth in the summer that diminished in 496 the late fall, these changes could have contributed to seasonal variation in cold hardening. Our 497 observation that dietary yeast influences the cold hardening response is further evidence that cold 498 hardening is a plastic phenotype that responds to nutritional conditions.
499
Effects of life history traits on the cold hardening response. 500 The outdoor and indoor cages likely varied in density and age structure, and these factors 501 could plausibly contribute to the observed differences in the cold hardening response. We found 502 that the cold hardening response declines with age in lab-reared flies, perhaps suggesting an age-503 dependent mechanism (Figure 5C ). Cold hardening occurs in larvae, pupae, and adult flies, but 504 adults appear to exhibit the greatest cold hardening ability (Czajka and Lee 1990) . Previous 505 studies have demonstrated that increased age correlates with increased chill coma recovery time 506 and decreased cold tolerance (David et al 1998; Colinet et al 2013) . Taken together, these data 507 suggest that the ability to cold harden increases over the course of the fly's development and 508 eventually tapers off in late adulthood as a result of age-related decline. Without knowing the 509 specifics of age structure in the outdoor cages, it is difficult to conclude how age may have 510 influenced cold hardening in the field-collected samples. However, our laboratory data and the 511 work of others suggest that it may have been a factor, and thus aging serves as another example 512 of the plasticity of cold hardening.
513
The outdoor cages contained a large volume of fruit, perhaps resulting in lower larval 514 densities relative to the indoor controls. We found that high developmental density results in an 515 increased cold hardening response (Figure 5D) . Previous work has shown that high larval conditions. Instead, cold hardening is highly dependent on a variety of environmental and life 530 history conditions. Understanding the use of plasticity versus adaptive tracking is critical for 531 modelling and predicting how organisms will cope with a changing climate and the associated shifts in environment and habitat range (Hoffmann and Sgrò 2011; Merila and Hendry 2014;  that the factors that influence plasticity may be more important than standing genetic variation 535 for some organisms facing thermal extremes. 
